We present new medium-resolution spectroscopic observations of the black hole X-ray binary Nova Muscae 1991 taken with X-Shooter spectrograph installed at the 8.2m-VLT telescope. These observations allow us to measure the time of inferior conjunction of the secondary star with the black hole in this system that, together with previous measurements, yield an orbital period decay ofṖ = −20.7 ± 12.7 ms yr −1 (−24.5 ± 15.1 µs per orbital cycle). This is significantly faster than those previously measured in the other black hole X-ray binaries A0620-00 and XTE J1118+480. No standard black hole X-ray binary evolutionary model is able to explain this extremely fast orbital decay. At this rate, the secondary star would reach the event horizon (as given by the Schwarzschild radius of about 32 km) in roughly 2.7 Myr. This result has dramatic implications on the evolution and lifetime of black hole X-ray binaries.
INTRODUCTION
According to the standard theory, the evolution of black hole X-ray binaries (BHXBs) is dictated by angular momentum losses (AMLs), driven by magnetic braking (MB; Verbunt & Zwaan 1981) , gravitational radiation (GR; Landau & Lifshitz 1962; Taylor & Weisberg 1982) and mass loss (ML; Rappaport et al. 1982) . MB is assumed to be the main mechanism responsible for AMLs in BHXBs with short orbital periods of several hours (Rappaport et al. 1982) , but an adequate expression for MB still remains a matter of debate (Podsiadlowski et al. 2002; Ivanova 2006; Yungelson & Lasota 2008) . The measurement of period variations can provide valuable information on the strength of these processes. The BHXB Nova Muscae 1991 (GS Mus/GRS 1124-683) is a very interesting system because it has an orbital period slightly longer, 10.38 hr (Orosz et al. 1996; Casares et al. 1997) , than the two other BHXBs XTE J1118+480 and A0620-00, for which an orbital decay measurement has been obtained (González Hernández et al. 2014) .
⋆ Based on observations taken with the X-Shooter spectrograph installed at the Very Large Telescope (Program ID: 091.D-0921(A)), at Paranal Observatory of the European Southern Observatory, Chile † E-mail: jonay@iac.es
The black hole mass of Nova Muscae 1991 has been recently refined to MBH = 11.0 +2.1 −1.4 M⊙ (Wu et al. 2016 ) after previous determinations of MBH = 7.2 ± 0.7 M⊙ (Gelino 2004) and MBH = 5.8 +4.7 −2.0 M⊙ (Shahbaz et al. 1997 ). Therefore, the BH mass is significantly larger (see Table 1 ) than in XTE J1118+480, MBH ∼ 7.5 M⊙ (Khargharia et al. 2013) , and A0620-00, MBH ∼ 6.6 M⊙ (Cantrell et al. 2010) .
The standard theory of the evolution of LMXBs (e.g. Verbunt 1993; Podsiadlowski et al. 2002; Taylor & Weisberg 1982) , predicts an orbital period first derivative from AMLs due to MB and ML in short-period (SP-) BHXBs as small asṖMB,ML ∼ −0.02 ms yr −1 whereas GR accounts only foṙ PGR ≤ −0.01 ms yr −1 , according to the dynamical parameters of SP-BHXBs. Recently, González Hernández et al. (2012 Hernández et al. ( , 2014 reported the first detection of orbital period variations in two SP-BHXB and found them to be significantly larger than expected from conventional AML theory. The period derivative measured areṖ = −1.9 ± 0.6 ms yr −1 for XTE J1118+480 andṖ = −0.6 ± 0.1 ms yr −1 for A0620-00. Extremely high magnetic fields in the secondary star at about 10-30 kG might explain the fast spiral-in of the companion star. Alternatively, unknown processes or non-standard theories of gravity have been suggested (e.g. Yagi 2012 ). On the other hand, the detection of middleinfrared excesses from Spitzer (Muno & Mauerhan 2006) and WISE (Wang & Wang 2014) have been interpreted as evidence for the presence of candidate circumbinary discs, or Remillard (1986) jets (Gallo et al. 2007) , in these two BHXB systems. However, Chen & Li (2015) have presented AML models including circumbinary discs but found that both the required mass transfer rate and circumbinary disc mass are far greater than the values inferred from observations. This makes unlikely that circumbinary discs are the main cause of the rapid orbital decay observed in these two BHXBs. González Hernández et al. (2014) suggested that the observed fast orbital decays in XTE J1118+480 and A0620-00 could show an evolutionary sequence where the orbital period decay begins to speed up as the orbital period decreases. In this work we present the detection of an extremely fast orbital period decay in the SP-BHXB Nova Muscae 1991, which in fact has a longer orbital period.
OBSERVATIONS
We have conducted new spectroscopic observations of Nova Muscae 1991 using the 8.2m VLT telescope equipped with the X-Shooter spectrograph (Vernet et al. 2011) at Paranal Observatory [European Southern Observatory (ESO), Chile]. 17 medium-resolution spectra (λ/δλ ∼ 8, 800 in the VIS arm) were obtained during four nights on 2013 April 13, 15, and 28 UT, and 2013 May 09 UT. We also observed the K-dwarf template star BD-05 3763. Radial velocity (RV) measurements (see Fig. 1 ) were extracted from every spectrum as in González Hernández et al. (2012) , by cross-correlating the observed spectra of Nova Muscae 1991 (mV ∼ 20.5 at quiescence) with the K-dwarf template spectrum properly broadened with v sin i = 85 km s −1 (Wu et al. 2015) . Two RV points were rejected due to the low quality of the spectra. We try to correct for possible instrumental drifts during the observations using the telluric spectra within the X-Shooter optical spectral range with corrections in the range 0-14 km/s. We depict the RV points together with a Keplerian RV curve with an orbital period fixed to the value P orb = 0.4326058 d (Orosz et al. 1996) . This single fit to the RV points provides a value of the time at inferior conjunction of the secondary star, Tn (see Table 2 ). In order to evaluate the uncertainties of this Tn value, we have developed a MCMC Bayesian analysis (Rubiño-Martin et al. 2003) . We run 20 Markov chains of 75,000 iterations each resulting in a final chain of 90,000 sets of global-fit parameters. We first run the MCMC code using a Keplerian function with four free parameters (including the orbital period). The result of the period free (P-free) simulation is shown in the upper panel of Fig. 2 . This orbital period determination, P orb = 0.43260(9) d, is consistent but less accurate than the orbital period derived by Orosz et al. (1996) . We then run two additional period-fixed (P-fix) MCMC simulations whose result is depicted in middle and bottom panels of Fig. 2 , one with the period fixed to the P-free MCMC result (middle) and the other one with the period fixed to the orbital period derived by Orosz et al. (1996) . Clearly, the Tn determination do not depend on the orbital period choice to be fixed within the error bars. The latter becomes our final adopted value and uncertainty of the time at the inferior conjunction of the secondary star.
In Table 1 we list the updated kinematical and dynamical parameters of this and the two previously mentioned BHXBs.
ORBITAL PERIOD DECAY
For the determination of the orbital decay we choose the most conservative Tn value extracted from P-fix MCMC simulation adopting the orbital period by Orosz et al. (1996) (see Table 2 ).
Assuming a constant rate of change of the orbital period, the time of the nth orbital cycle can be expressed as Orosz et al. (1996) ; The Tn values in Remillard et al. (1992) and Wu et al. (2015) have been corrected from times at maximum velocity to times at orbital phase 0 using the orbital period in these papers.
where P0 is the orbital period at time T0 of the reference cycle (n = 0),Ṗ is the orbital period time derivative, and n, the orbital cycle number.
We use the IDL routine curvefit to perform a parabolic fit (χ 2 ν ∼ 7.2) and obtain a period derivative oḟ P = −(6.56 ± 1.49) × 10 −10 s/s. However, since the χ 2 of the fit is quite large, we decided to multiply the error bars by a factor of 2.7, providing χ 2 ν ∼ 1. A linear function (Ṗ = 0; χ 2 ν ∼ 1.5) gives a worse fit, whereas a third-order polynomial (includingP ; χ 2 ν ∼ 0.02) gives a significantly lower χ 2 ν value, although due to the still low number of points we do not consider this fit reliable. We perform an F-test to evaluate how well the parabolic fit reproduces this set of data with respect to the linear fit. and obtain significance values of 0.07 for the first-order versus second-order polynomial, indicating that the secondorder polynomial provides a better representation of the current set of data.
We may note here that adding our Tn value to literature values increases considerably the significance of the secondorder polynomial fit with respect to the linear fit, due to the longer time baseline of the data. Without our measurement, the significance of the linear fit grows up to 0.45 with respect to the second-order polynomial fit that still provides better representation of the data.
In Fig. 3 we have depicted the orbital phase shift, defined as φn = Tn−T 0 P 0 − n, of each of the Tn values as a function of the orbital cycle number n, together with the best-fitting second-order solution. This figure shows a clear deviation from the null variation and thatṖ is negative.
The result,Ṗ = −(6.6 ± 4.0) × 10 −10 s/s, which can also be expressed asṖ = −20.7 ± 12.7 ms yr −1 , provides a determination at the ∼ 1.6σ level (i.e. at ∼ 88% confidence).
Following González form two MonteCarlo (MC) simulations: (i) with the observed Tn points by randomly varying their values with the uncertainties δTn in a normal distribution; (ii) with the fitted Tn points on the parabolic fit. We fit 10,000 realizations of the simulated Tn points: for case (i) with weights in the fit given as 1/(δTn) 2 ; and for case (ii) without weights. The resulting histograms ofṖ are shown in two small panels within Fig. 3 .
These MC simulations giveṖMC ∼ −21 ms yr −1 (with an uncertainty of 12.7 -14.2 ms yr −1 ) and confirms the Table 2 ). Blue filled circles are previous literature spectroscopic determinations, and the red filled triangle is a photometric measurement is the new VLT/X-Shooter spectroscopic P-fix MCMC determination (see Table 2 ). extremely fast orbital shrinkage in Nova Muscae 1991 (see Table 1 ).
DISCUSSION AND CONCLUSIONS
Short period BHXBs exhibit negative orbital period derivative but at different rate, with Nova Muscae 1991 (P orb ∼ 10.4 hr) showing the fastest orbital decay. Conventional models of AMLs due to GR, MB and ML are far from being able to reproduce this behaviour. González Hernández et al. (2014) suggested an evolutionary sequence in which the orbital decays observed in SP-BHXBs would be faster as the companion star approaches the black hole. However, the case of Nova Muscae 1991 rules out this hypothesis.
González Hernández et al. (2012 Hernández et al. ( , 2014 estimated the orbital period derivative,ṖMB,ML, when considering only AMLs due to MB and ML. They demonstrated thatṖMB,ML cannot account for the fast orbital decay observed in XTE J1118+480. Standard prescriptions of MB, assuming γ = 2.5 (Verbunt 1993) and adopting arbitrarily β = −ṀBH/Ṁ2 = 0.5 (Podsiadlowski et al. 2002) , and the specific angular momentum, jw = 1, carried away by the mass lost from the system, provide values ofṖMB,ML ∼ −0.028 ms yr −1 for Nova Muscae 1991. In the extreme and unrealistic case, γ = 0, i.e the strongest possible MB effect, and β = 0, i.e all the mass transferred by the secondary star is lost from the system, we only getṖMB,ML ∼ −0.11 ms yr −1 , which is 300 times smaller than the observed orbital period decay. At orbital periods shorter than 3 hr, standard theory predicts that GR begins to dominate, but its contribution is totally negligible for Nova Muscae 1991, PGR ∼ −0.011 ms yr −1 .
González Hernández et al. (2012 Hernández et al. ( , 2014 suggested that extremely high magnetic fields at the surface of the secondary star, in the range BS ∼ 0.4-30 kG, could help to explain the fast orbital decay in XTE J1118+480 and A0620-00. The mass transfer rates (King et al. 1996) of these two systems and Nova Muscae 1991 are estimated to bė M2 ∼ 0.10, 0.46, 1.67 ×10 −9 M⊙ yr −1 , respectively. Assuming conservative mass transfer (i.e. no mass lost from the system,ṀBH = −Ṁ2) and neglecting AML due to GR, we can make a rough estimate of the magnetic field, BS, at the surface of the secondary required to accommodate the period decays observed in these three BHXBs (see Justham et al. 2006 , for further details). We find BS ∼ [0.7, 2.3, 7.4], [16, 50, 160] , [12, 38, 120] kG, respectively, for three values of the wind-driving energy efficiency factor, fǫ = [10 −1 , 10 −2 , 10 −3 ] (Tavani & London 1993) . The extremely high BS values estimated at low fǫ ∼ 10 −3 , could be compensated with higher mass transfer rates. However, for fǫ = 0.1, the magnitudes of the surface magnetic fields are still consistent with those in peculiar Ap stars (Justham et al. 2006) . As discussed in González Hernández et al. (2014) the secondary might have been able to retain the high magnetic field during the binary evolution.
Although speculative, these high magnetic fields might be connected with the (rotation induced) chromospheric activity on the companion star, as proposed for A0620-00 (González Hernández & Casares 2010) to explain the observed Hα emission feature of the secondary star. Hα emission from the companion has been also detected in XTE J1118+480 (Zurita et al. 2016) and Nova Muscae 1991 (Casares et al. 1997) and (González Hernández et al. in preparation) .
An alternative scenario is that we may be measuring orbital period modulations similar to what has been observed before in other type of binaries such as Algol objects, e.g. V471 Tau (Skillman & Patterson 1988 ), or cataclysmic variables (CVs Pringle 1975 Warner 1988) . In these systems, orbital period modulations of the order of ∆P/P ∼ 10 −5 − 10 −6 with different signs have been observed. Theoretical models invoking a variable gravitational quadrupole moment, due to internal deformations, produced by magnetic activity in the outer convection zone have been suggested as the mechanism responsible for those period changes (Applegate & Patterson 1987; Applegate 1992) . This mechanism would also imply extremely high magnetic fields (González Hernández et al. 2014 ), but it appears quite unlikely that the large orbital period decays seen in these BHXBs (all with negative sign) are the result of orbital period modulations.
On the other hand, Schreiber et al. (2016) have recently speculated that nova eruptions may produce frictional AML in CVs, as a possible solution of the whitedwarf (WD) mass problem, the orbital period distribution and the space density of CVs. This consequential AML could also occur in BHXBs during outburst with significant mass ejections, as has been very recently seen in V404 Cygni (Muñoz-Darias et al. 2016).
Recently, Chen & Li (2015) have proposed AML models including circumbinary discs as a possible way to explain the fast orbital period decays in these BHXBs. This work shows the evolution of orbital period and period derivative for XTE J1118+480 during ∼ 0.8 − 1.2 Gyr (for initial M2 ∼ 3 − 1.5 M⊙) of its binary evolution. The model requires a current mass transfer rate of about 10 −8 M⊙ yr −1 , which is significantly larger than the current estimated mass transfer rate of 10 −10 M⊙ yr −1 . It also requires a circumbinary disc with a mass (MCD ∼ 2 − 3 × 10 −4 M⊙) which is significantly larger than the inferred from mid-IR observations, i.e. ∼ 10 −9 M⊙ (Muno & Mauerhan 2006) . In addition, Gallo et al. (2007) have suggested that non-thermal synchrotron emission from a jet could account for a significant fraction (or even all) of the measured excess mid-IR emission.
The orbital decays observed in these BHXBs, if kept constant, predict that the secondary star will reach the event horizon as given by the Schwarzschild radius of ∼22, 19 and 32 km in about 12 Myr for XTE J1118+480, 70 Myr for A0620-00, and only 2.7 Myr for Nova Muscae 1991. This is an extremely short time-scale, although the companion's fate is probably not realistic. In a standard evolutionary scenario with AMLs driven by MB and GR, a minimum orbital period is expected (and observed in CVs, see Gänsicke et al. 2009 ). The minimum period is caused by the response of the companion star to ML when it reaches the substellar limit (Paczynski 1981) . It is unclear whether this scenario would be valid here but, in any case, the large orbital period decays measured clearly have very important implications on the evolution and lifetime of SP-BHXBs, which, according to the standard models, is typically ∼ 5 × 10 9 yr. In addition, the companion stars with spectral types earlier than K5V show high Li abundances (Martín et al. 1996; González Hernández et al. 2004 , 2006 , similar to those of low mass stars of the young (120 Myr) Pleiades cluster (Garcia Lopez et al. 1994 ), which are not easily explained unless a Li preservation mechanism is invoked, on the basis of high rotation velocities of the companion stars kept during the evolution of tidally locked BHXBs (Maccarone et al. 2005; Casares et al. 2007) . A shorter lifetime, of ∼ 10 7 − 10 8 yr, would alleviate this high-Li problem in BHXBs as well as the long-standing birthrate problem of millisecond pulsars and low-mass BHXBs (Naylor & Podsiadlowski 1993; Podsiadlowski et al. 2002) . Future observations of these BHXBs, in particular, of Nova Muscae 1991 will probably help to understand these extremely fast orbital period decays.
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